The authors explore the generation of short electron bunches from a field-emitter array cathode consisting of nanometer-sized metallic tips that is compatible with an acceleration electric field above 10 MV/m. Sub-nanosecond field emission electron bunches were generated by applying fast electrical pulses to an on-chip electron extraction gate electrode of the cathode. The subsequent acceleration of the field emission electron bunches to 5 MeV was demonstrated using the combined diode-RF cavity SwissFEL electron gun test facility. The high current density and high brightness of field emission beams 1-3 have motivated the use of field emitters as electron sources in applications such as microwave amplifiers 4-8 and free electron lasers. 2, 3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] For the anticipated current densities, a high acceleration gradient is important to preserve the beam emittance. Nano-fabricated field emitter array (FEA) cathodes, equipped with nanometer-scale sharp tips and an on-chip electron extraction gate electrode, are well-suited for this purpose, owing to partial electrostatic shielding of individual field emitters from the accelerating field by the gate electrode, and the capability of switching the electron emission independently from the accelerating field. Recently, the switching of a field-emission electron beam from a FEA on a time scale of a few nanoseconds and up to 300 keV acceleration of the field-emission electron beam by a diode-gun accelerator was reported. 18 In this work, we show field emission current switching for subnanosecond electron bunch generation and the combination of the method with a diode-radio frequency (RF) cavity electron gun to generate field-emission electron beam with relativistic energies.
The authors explore the generation of short electron bunches from a field-emitter array cathode consisting of nanometer-sized metallic tips that is compatible with an acceleration electric field above 10 MV/m. Sub-nanosecond field emission electron bunches were generated by applying fast electrical pulses to an on-chip electron extraction gate electrode of the cathode. The subsequent acceleration of the field emission electron bunches to 5 MeV was demonstrated using the combined diode-RF cavity SwissFEL electron gun test facility. The high current density and high brightness of field emission beams [1] [2] [3] have motivated the use of field emitters as electron sources in applications such as microwave amplifiers [4] [5] [6] [7] [8] and free electron lasers. 2, 3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] For the anticipated current densities, a high acceleration gradient is important to preserve the beam emittance. Nano-fabricated field emitter array (FEA) cathodes, equipped with nanometer-scale sharp tips and an on-chip electron extraction gate electrode, are well-suited for this purpose, owing to partial electrostatic shielding of individual field emitters from the accelerating field by the gate electrode, and the capability of switching the electron emission independently from the accelerating field. Recently, the switching of a field-emission electron beam from a FEA on a time scale of a few nanoseconds and up to 300 keV acceleration of the field-emission electron beam by a diode-gun accelerator was reported. 18 In this work, we show field emission current switching for subnanosecond electron bunch generation and the combination of the method with a diode-radio frequency (RF) cavity electron gun to generate field-emission electron beam with relativistic energies.
The single-gate FEA cathodes ( Fig. 1) were fabricated by molding and a self-aligned gate process. 15 They consist of 1.2 Â 10 5 pyramidal shape molybdenum field emitter tips $1.2 lm in height and a 1.5 lm base size, aligned with 5 lm spacing on a 0.3 mm thick electroplated nickel substrate. The electron emission is switched on by applying a negative voltage pulse, -V em , to the field emitters with respect to the electron extraction gate electrode, which has $2 lm diameter apertures for individual emitters. The gate electrode is a 0.5-lm-thick molybdenum film separated from the emitter substrate by a 1.2-lm-thick SiO 2 film, and is patterned to a 5.4-mm-diameter circular shape. The gate-electrode diameter here is required to apply a large accelerating electric field above 10 MV/m. 18 Consequently, it leads to an increased capacitance, C g , between the gate electrode and the field emitter substrate.
To partly compensate for the capacitance increase, we inserted a 1.2-lm-thick SiON film underneath the SiO 2 layer outside the emitter array area, as shown in Fig. 1(b) . The resulting C g was $0.5 nF. This is an order of magnitude larger than that of a Spindt FEA used for the RF emission-gate experiment 7 due to the larger gate electrode area. However, the RC constant of our all-metallic FEAs is several orders of magnitude below 1 ns, since the resistance of the substrate is low. 18 Hence, it is possible to switch V em in $1 ns [in full width at half maximum (FWHM)] by using the following method [cf., Figs. 1(c) and 1(d)]: first we apply a negative current pulse to the emitter substrate with the FWHM-duration, T p , below 1 ns, with the amplitude determined by C g V em /T p ; then we apply a second current pulse with positive polarity, and with the same duration and amplitude, delayed by DT of 1 ns from the first pulse. As a result, combined with the nonlinear current-voltage characteristics of the field emission, 7 we expect to be able to produce a field emission current pulse with sub-nanosecond duration. In the experiment described in the following text, we used current pulses with T p of 0.65 ns. We also adjusted V em by applying a dc bias, V dc , in series to the double current pulses. The electron bunch acceleration experiment used the combined diode-RF cavity gun [ Fig. 1(c) ] of the SwissFEL test facility at the Paul Scherrer Institut. In the diode gun, a pulsed cathode voltage up to À500 kV with 250 ns duration (FWHM) and a maximum repetition frequency of 10 Hz can be applied by using the critically coupled air-core transformer technology. 19 After passing through the anode iris, the electron bunch is transported to a 2-cell RF-cavity through a 150 mm tunnel and further accelerated by a 1.49896 GHz RF-field. 20 The electron beam is detected either by one of the scintillating screen monitors or by a Faraday cup. The energy of the accelerated electron beam can be measured by dispersing the beam using a dipole magnet located 3 m downstream of the beam line, and imaging it on a screen monitor. a) Author to whom correspondence should be addressed. Electronic mail:
soichiro.tsujino@psi.ch. To integrate a FEA in the diode-RF cavity gun, we developed a holder with a low-inductance electrical contact [K in Fig. 1(d) ]. 18 In this scheme, we apply the FEA driving pulse via a 22-m-long semi-rigid coaxial cable, which also forms the secondary coil of the high voltage transformer. A spring-loaded contact makes the electrical connection to the FEA substrate. The cathode holder has a 4 mm-diameter opening at the center in order to expose the FEA to the diode acceleration field. The gate electrode is contacted to the holder at the 0.5-mm-wide edge of the opening. Due to the length of the coaxial cable, up to 0.2 6 0.1 ns broadening of the driving pulse is expected.
In the experiment, we first installed the FEA chip in a preparation chamber for processing by dc bias 18, 21 and pulsed current tests. The processing lasted for a few days until the gradual increase of current at a given bias saturates and stable current-voltage characteristics are obtained. In this chamber, the anode was a stainless steel Faraday cup at a 10 mm distance from the FEA, the maximum anode voltage was limited to 4 kV, and the base pressure was 5 Â 10 À10 mbar. After the processing, the FEA chip was transferred to the diode-gun through air within $5 min. Because of the transfer through the air, a second processing in the diode-gun was necessary. This began when the gun vacuum reached the base pressure of $1 Â 10 À8 mbar and continued for a few days. We found that less time was required than the first processing process in order to recover $30% of the current (1.8 mA at V em of 63 V) obtained in the preparation chamber.
In Fig. 2(a) , we show the field emission beam accelerated only by the diode gun to 200 keV and imaged on the scintillating screen monitor (SCR). Under these conditions, the FEA emitted 0.46 pC bunch charge when a double pulse current with an amplitude of $77 A was applied with a reverse dc bias of þ12.5 V. The acceleration gradient on the FEA surface was 14 MV/m. The granular emission pattern suggests an inhomogeneous current distribution among the emitters as previously observed. 18 In the next step of the experiment, we supplied RF power to the RF cavity and further accelerated the electron bunch by the RF cavity. Figure  2(b) shows the beam image focused on the SCR when the RF power was 2 MW and the relative phase of the RF acceleration field was equal to 300 [see Fig. 2 (c) and the following text]. In this case, it was difficult to resolve the detail of the field-emission beam as in Fig. 2(a) .
In Fig. 2(c) , we show the RF phase dependence of the electron bunch charge (left axis) and the beam energy (right axis). The sinusoidal variation of the bunch charge when the RF phase was varied from 0 to 360 shows that the FWHM duration, T FEA , of the field emission current pulse is shorter than one RF cycle of 0.667 ns, since only the electrons accelerated in the propagation direction can pass through the cavity. The <100% modulation of the bunch charge with the RF phase shows that T FEA is longer than one-half the RF cycle of 0.334 ns. To quantitatively evaluate T FEA , we simulated 
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Phys. Plasmas 18, 064502 (2011) the electron bunch transmission through the RF-cavity assuming a Gaussian current pulse. We considered that electrons transmit the RF-cavity when the RF electric field is along the propagation direction. The variation of the overlap in time between the forward RF field and the current pulse with the duration shorter than one RF cycle resulted in the RF phase dependence of the bunch charge. The curves in Fig. 2(c) show the calculated RF phase dependence for T FEA to be between 0.3 and 0.8 ns. Good agreement between theory and experiment was obtained for T FEA of 0.47 6 0.01 ns. We also note that the average transmitted bunch charge of 0.19 pC was slightly below one-half of the bunch charge (0.46 pC) without the RF acceleration because of the energy dispersion of the transmitted accelerated electrons and the resultant defocusing effect. In the simulation, we included this effect, which is approximately the same as setting unity transmission when the forward RF electric field is above 30% of the maximum value, although the defocusing effect influences the estimated value of T FEA by less than 4%.
To measure the energy spectrum of the accelerated beam, we next transported it down to the dipole magnet [DP in Fig. 1(c) ] and imaged the dispersed beam on the SCR2. The results at three RF powers with a fixed phase of 0 are shown in Fig. 2(d) . We found that the beam energy was in the relativistic range as expected: when the RF power was increased from 2.0 to 3.5 MW, the peak beam energy increased from 3.48 MeV up to 5.0 MeV. The increasing broadening of the spectra with the beam energy, as suggested in the observed spectra, is likely due to the increased defocusing because of the energy dispersion of the beam.
As a reference, we also measured the field emission pulse in the preparation chamber by applying an anode bias voltage, V a , between 20 V and 4 kV. The current pulses were split via a bias-T of 2 GHz-bandwidth and were detected by a digital oscilloscope with a 3 GHz bandwidth and 10 GS/s. Figure 3 shows the results. The pulse shape exhibited an effect of the electron transit time from the FEA to the anode, which was evidenced by the decreasing current peak maximum time, s, with the increase of V a and by the narrowing of the pulse duration at the same time. In Fig. 3(b) , we display s and the rise time, ds (we defined ds as the difference of s and the half-width at half-maximum time) as a function of V a . The smallest ds of 0.26 ns was observed for V a of 4 kV. The V a -dependence of ds was correlated to that of s due to the induced current of the propagating field emission beam. 18, 22, 23 By assuming a Gaussian shape field emission pulse and convoluting it with the effect of the induced current in the measurement geometry, including the effect of an angular divergence of $60 at the emitter tip, 14, 16, 17 we calculated the current pulse waveform. The result is compared with the experiment by the curves in Figs. 3(a) and 3(b) . A good agreement between theory and experiment was obtained when we assumed the FWHM duration of the field emission current pulse, T (th) , of 0.4 6 0.1 ns. This value, which was compatible within $0.1 ns with T FEA evaluated from the RF phase scan and with ds, confirmed that the pulse duration of the field emission current from our FEA was indeed in the sub-nanosecond range. One lower limit to the field emitter switching time comes from the diffusion of the switching current pulses from the edge to the center of the array. For the FEA used in the present work, it is equal to 32-150 ps. 18 Therefore, a further decrease of the switching time beyond the value observed here is feasible by the use of current pulses with shorter T p and DT and by the further optimization of the FEA device structure; for example, the reduction of the gate area and the device capacitance.
In summary, we demonstrated the sub-nanosecond switching of field emission current using a nano-fabricated metallic field-emitter array cathode in a high-acceleration gradient environment and the acceleration of the field emission electron bunch up to 5 MeV, using a combined diode-RF cavity electron gun. In contrast to the previously reported RF electric field excitation of the field emission, 7, 8, 12 ,24 the sub-nanosecond field emission switching method demonstrated here operates in single-pulse mode. This can open up different application areas such as the realization of compact single-pulse microwave/THz 25 or hard x-ray radiation sources 26 with sub-nanosecond time resolution. 
